We report on the effects of the substrate, starting material, and temperature on the growth of MoS 2 atomic layers by thermal vapor sulfurization in a tube-furnace system. With Mo as the staring material, atomic layers of MoS 2 are obtained on sapphire substrates while MoS 2 nanoparticles embedded in SiO 2 amorphous are obtained on native-SiO 2 /Si substrates under the same sulfurizing conditions. An anomalous thickness-dependent Raman shift (A 1g ) of the MoS 2 atomic layers is observed in Mo-sulfurizations on sapphire substrates, which can be attributed to the competition between the effect of thickness and that of surface/interface. Both effects vary with the sulfurizing temperatures for a certain initial Mo thickness. This anomalous frequency trance of A 1g is missing when using MoO 3 , instead of Mo, as the starting material. In this case, the lateral growth of MoS 2 on sapphire substrates is largely improved; meanwhile, the area density of the resultant MoS 2 atomic layers is significantly increased by increasing the deposition temperature of the starting MoO 3 . The thickness of MoS 2 is generally controlled by the thickness of the starting material; however, the structural and morphological properties of the MoS 2 crystallites, towards large area and continuous atomic layers, are strongly dependent on the temperature of the initial material deposition as well as that of the post-deposition sulfurization.
Introduction
The development of non-graphene two-dimensional (2D) materials, e.g., atomically thin transition-metal dichalcogenide semiconductor MoS 2 , makes it possible to prepare electronic [ 1 , 2 , 3 ] , photonic [ 4 , 5 ] , and optoelectronic devices with novel functions and/or improved performances [6, 7, 8, 9, 10] . Although many such devices have recently been demonstrated, problems are met in attempts to make large area and uniform device-quality MoS 2 atomically thin layers. A typical example is exfoliation [11] , which has the potential of providing high quality 2D materials but lacks a systematic control of the thickness, size, and uniformity of the product [ 12 , 13 , 14 ] . Similar limitations exist with other top-down methods, e.g., laser thinning [15] and chemical etching [16] . In contrast, the thickness and uniformity are feasibly controlled and the growth is readily scaled up in bottom-up methods [17, 18, 19] . However, there is a great challenge to control the crystal quality, especially the grain size, in the growth of 2D MoS 2 by bottom-up methods [19, 20] .
Chemical vapor deposition (CVD), a typical bottom-up growth method, has long been used for growing semiconductor thin films and nanostructures, and has recently shown a great success in the growth of graphene [21] . For growing 2D MoS 2 , however, this method now has a limit to control the lateral-to-vertical ratio of growth rates and thus the lateral grain sizes with atomic thickness of the resultant crystal [19, 20] . Physically, the lateral-to-vertical ratio of growth rates is dominated by the growth conditions, including the source materials, temperatures, pressures, etc. [17] [18] [19] [20] . Most importantly, the effects of the substrate and/or the template on the growth of 2D MoS 2 , particularly the 3 lateral-to-vertical ratio of growth rates which plays an important role in concurrently controlling the lateral grain size and the layer thickness, are largely increased due to the thickness reduction.
In this paper we have systematically studied the effects of the substrates, starting materials, and growth temperatures on the structural and lattice dynamic properties of MoS 2 atomic layers grown by thermal vapor sulfurization in a tube-furnace system. This method is also commonly named vapor-phase growth or CVD in the literature [18, 22] . 
Experimental

Preparation of starting material
Thin Mo and MoO 3 films were used as the starting materials in this work. They were deposited on c-plane sapphire and SiO 2 /Si (001) substrates in a magnetronsputtering chamber using pure argon (99.999%) and oxygen-argon-mixture as the working gases, respectively. The SiO 2 is unintentionally introduced but the native oxide on the surface of the Si substrate. The oxygen-to-argon ratio was controlled by the gas flow rates. For the Mo deposition the flow rate of argon was set at 10 SCCM and the 4 chamber pressure was 5 mTorr during sputtering. On the other hand, for the MoO 3 deposition, the chamber pressure was also 5 mTorr, however, the flow rate of argon was reduced to 5 SCCM while oxygen was introduced at a flow rate of 5 SCCM. In the latter case, low-and high-temperature depositions were carried out at room temperature and 700 °C, respectively. The film thickness, generally smaller than 4 nm, was controlled by the deposition time with the deposition rates calibrated at certain conditions.
Sulfurization of Mo and MoO 3 thin layers into MoS 2
The post-deposition thermal vapor sulfurization of the starting material was carried out in a tube-furnace system using nitrogen as the carrier gas. The general configuration of the tube-furnace system and the sulfurization procedures have been reported elsewhere [18] . It is worth mentioning that two separated crucibles containing sulfur powders (99.999%) were set in the upstream at different distances from the samples. So that the one near the samples starts to supply sulfur species via sublimation at lower temperatures while the second source starts to supply sulfur via evaporation before the entire consumption of the first source at higher temperatures. The sulfurization temperature was varied from 650 to 950 °C while the sulfurization time was varied from 20 to 40 min.
Instruments and characterization methods
The MoS 2 samples were characterized by employing various techniques, including atomic force microscopy (AFM), Raman spectroscopy, optical absorption spectroscopy, x-ray photoelectron spectroscopy (XPS), and transmission-electron microscopy (TEM). The AFM images were recorded using a tapping mode in a Veeco 5 Dimension-Icon AFM system. The Raman spectra were collected at room temperature in a backscattering configuration using a micro-Raman system that was equipped with a 488-nm argon-ion laser. The optical absorbance was measured from the sulfurized samples on sapphire substrates using a UV-VIS-NIR scanning photospectrometer. The XPS experiments were carried out in a Quantera SXM XPS chamber employing Al-Kα (hν =1486.6 eV) as the x-ray beam source. In its high-resolution spectroscopy, the energy resolution is smaller than 0.5 eV.
Results and discussion
Mo sulfurization: Effect of substrate
To study the effect of substrate on vapor-phase growth of 2D MoS 2 , ultrathin Mo layers (~2 nm) were deposited on c-plane sapphire and native-SiO 2 /Si substrates followed by thermal sulfurization at 900 °C for 20 min. To work out the origin of the morphology differences between the MoS 2 atomic layers grown on the sapphire and the SiO 2 /Si substrates, a set of high-resolution XPS spectra were collected from the 'surface' of both samples before and after ion-beam sputtering for different durations. Figure 2 presents the XPS core level spectra, labelled t s = 0 -240 sec, collected by increasing the sputtering time with intervals of 30 sec. The XPS spectra were aligned to the C1s core level (285 eV) detected on the asgrown/sulfurized surfaces. The spectra in the left and right panels of Fig. 2 2(e) and 2(g)]. These observations indicate that an onset of charge transfer between the MoS 2 layer and the sapphire substrate occurred during the ion-sputtering. Physically, the surface charge of the ultrathin MoS 2 covered sapphire develops with the ion-sputtering due to the emission of electrons, so does the space charges in the subsurface due to the penetration of x-ray and the trapping of the electrons in the insulating substrate [28] . Both developments lead to the charge transfer as a function of sputtering.
It is known that MoS 2 molecule has two stacking structures [29] . One is trigonal prism (2H) and the other is octahedral coordination (1T). From the electronic structure point of view, the former is semiconductor while the latter is metal. Thermodynamically, the former structure is more stable than the latter one. Phase transition from 1T to 2H of MoS 2 atomic layers during thermal annealing has been reported by Eda et al. [14] . They It has been discussed above that the AFM studies revealed a dots-seeding morphology for the MoS 2 -on-SiO 2 /Si structure, different from that of MoS 2 -on-sapphire.
To study the surface structure of MoS 2 -on-SiO 2 /Si, here, we make a comparison on the evolutions of XPS-peak intensity upon sputtering. The spectra in the left panels of Fig. 2 show that the Mo3d and S2p peaks monotonically decrease, while the Al2p and O1s peaks monotonically increase, with the increase in sputtering time. This is a normal phenomenon, which is commonly observed in depth-profiling XPS measurements of heterostructures with ultrathin layers covered on extrinsic substrates. However, in the right panels the Mo3d and S2p peaks monotonically increase in intensity, while the Si2p reveals that the loss of S from the surface upon sputtering is much faster than that of Mo.
As we have mentioned above that the transition point of the Mo3d peak shift is at t s = 120 sec and after that S is not detectable any more (supporting materials, S1). However, the transition point of the parallel Al2p and O1s shifts is at t s = 60 sec. This result indicates that there is another mechanism beside the 2H-to-1T phase transition that affects the charge transfer between the MoS 2 overlayer and the sapphire substrate. A reasonable explanation is that the interface between the MoS 2 layer and the sapphire substrate is occupied by Mo. The fast loss of S during sputtering leaves Mo remaining on the surface, which may react with the sapphire substrate upon sputtering and modify the charger transfer. On the other hand, the fast decrease in the S2p-to-Mo3d intensity ratio with increasing the sputtering time is also an indication of the layered structure of MoS 2 grown on the sapphire substrate. In contrast, the S2p-to-Mo3d intensity ratio of MoS 2 grown on the SiO 2 /Si substrate does not show any apparent variations upon sputtering because of the orientation randomly MoS 2 dots of the dots-seeding structure. 10 To control the thickness of MoS 2 atomic layers sulfurized on sapphire substrates, a sulfurization of Mo layers with varied thicknesses was carried out at a higher temperature (i.e., 950 °C). The MoS 2 samples hereafter labelled S120, S60, S30, and S10
Mo sulfurization: Effect of thickness
are referred to those with the initial Mo deposited for t Mo = 120, 60, 30, and 10 sec, respectively. Their absorption spectra, collected using a bare sapphire wafer as the reference, are presented in E -to-A 1g intensity ratios, with decreasing t Mo (supporting materials, S2) is consistent with those observed in exfoliated few-layer MoS 2 [23] . Figure 4( E exhibits a monotonic blue shift with decreasing the nominal layer thickness, consistent with those reported in the literature [19, 23, 31] . However, the out-plane mode A 1g exhibits a blue shift as t Mo is decreased from 120 to 30 sec followed by a red shift from t Mo = 30 to 10 sec. The frequency difference thus increases, followed by decreases, when the MoS 2 thickness is reduced in atomic layers [see Fig. 4(b) ]. The frequency trend of A 1g is anomalous to those reported in the literature, where the A 1g mode monotonically decreases in frequency with decreasing the thickness of MoS 2 from bulk to monolayer [19, 23, 31] .
In classic theory, assuming that layer stacking does not affect intralayer bonding, E was attributed by Molina-Sáanchez and
Wirtz to the competition between the long-range and the short-range Coulomb interactions [33] . As the layer thickness is increased, the long-range part is decreased due to an enhanced dielectric screening, which overcompensates for the increase in the shortrange interaction due to the weak interlayer interaction, leading to the observed red shift E . Without the enhancement of dielectric screening, the in-plane mode Fig. 4 (b). E decreases from 7.5 cm -1 (S20) and 4.4 cm -1 (S10) at T = 650 °C to 3.0 cm -1 (S20) and 2.5 cm -1 (S10) at T = 950 °C. 
Mo sulfurization: Effect of temperature
MoO 3 sulfurization: Effect of initial thickness
The competition between the lateral grain size and the surface coverage makes
Mo unsuitable as the initial material for growing high quality, larger area, and continuous 2D MoS 2 layers via thermal vapor sulfurization at elevated temperatures. MoO 3 , another 16 potential initial material for growing 2D MoS 2 via sulfurization may somehow solve the problem [24] . For this purpose, we have deposited MoO 3 layers with different thicknesses at 700 °C on c-plane sapphire substrate. The deposition times were varied from 300 sec to 120, 100, and 60 sec, and the sulfurized samples are named SO300, SO120, SO100, and SO60, respectively. The sulfurizations were carried at 950 °C for 20 min. E were caused by the compensation of strain induced red shift.
Furthermore, the Raman spectra in Fig. 10(c) shows that the frequency differences between the A 1g and 1 2g
E modes are almost the same for both MoS 2 samples. As a consequence, we can conclude that the thickness of both samples should be the same, 19 which is thus readily obtained (1.4 nm, i.e., 2L) by a sectional analysis across the grain edges in Fig. 10(b) . A careful look into the AFM image in Fig. 10 (a) revealed that most of the MoS 2 "grains" are more or less connected with one another. A typical chain of grain connections is indicated by the dots in Fig. 10(a) . Such grain connection chains may promote the obtained MoS 2 atomic layers for practical applications. The increased surface coverage, the increased crystal quality, and the long grain connection chains thus provide a clue to further improve the growth of high quality 2D MoS 2 towards continuous monolayer in large scale.
Conclusions
In conclusion, we have systematically studied the vapor-phase growth of 
